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Abstract 
Small eruptive centres commonly have more primitive lavas than those associated with 
stratovolcanoes, an observation that has been taken to indicate a short magma residence in the 
crust relative to those reservoirs below stratovolcanoes.  The Caburgua cones of the Andean 
Southern Volcanic Zone from a basaltic small eruptive centre where this can be tested/ Here, 
we use MELTS simulations, and the available thermobarometry data to determine the 
conditions of olivine crystal rim formation and the Mg-Fe diffusion modelling to determine 
the magma residence times of those rims in the crust. Results yield timescales varying from a 
few days to dozens of days, and if freezing is to be avoided, can only be explained by some 
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form of storage or slow transport through at least one shallow magma body. The longest 
durations of magma residence seen in the olivine rim zones are up to 471 days. These 
timescales are shorter than those estimated (decadal) from the nearby, more-differentiated, 
and well-established stratovolcano, Villarrica, which has a dominantly basaltic andesite 
composition. For Caburgua cones, we propose the existence of a transient reservoir, in 
contrast to a long-lived reservoir such as that inferred beneath the adjacent Villarrica 
stratovolcano. 
1. Introduction 
Small eruptive centres (SECs) are commonly found in clusters comprising volcanic fields, 
expressed as arrays of volcanic cones aligned along regional structures (e.g. López-Escobar et 
al., 1995a; Connor et al., 2000; Valentine and Perry, 2006). Although these cones may be 
composed of products of different compositions, they are commonly basaltic, though and the 
presence of primitive basalts is rare (Valentine and Gregg, 2008; McGee and Smith, 2016). 
Magma input rates, related to the degree of melt interconnection through coalescing conduits, 
combined with the tectonic setting have been named as significant factors controlling the 
genesis of SECs relative to stratovolcanoes (e.g., Takada, 1990; Cañón-Tapia and Walker, 
2004). Usually SECs are related to high deformation rates and low magma supply rates (e.g., 
Takada 1994a, 1994b). For developing a field of small eruptive centres, Németh (2010) 
determined that time-integrated magma fluxes of 0.01  ? ?ଷȀ ? ? or less are necessary and that 
these small-volume ascending magmas can be frozen within the crust over just a few days, if 
the rate of magma ascent is slower than that of solidification, or if the trajectory of ascending 
magma is too long for a given solidification rate (e.g., Auckland Volcanic Field, Smith et al., 
2008, McGee et al., 2012). The main advantage of focusing on eruptions at SECs is that due 
to the implied rapid ascent, they are inferred to have had little opportunity for extensive 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
interaction with the upper crust, are not expected to be associated with shallow magma 
chambers, and may therefore represent more closely the mantle source and the ascent process 
itself (e.g. Lara et al., 2006; Cembrano and Lara, 2009; McGee and Smith, 2016). 
Despite the expected simplicity of small eruptive centres, signs of more complex plumbing 
systems have been exceptionally recognized in SECs, in particular expressed as crystals 
evidencing polybaric crystallisation and longer magma residence times seen in erupted 
phenocrysts. For example, at Jorullo SEC (Mexico) a long-lived (~15 years, Luhr and 
Carmichael, 1985) eruption was studied by Johnson et al. (2008) via groundmass 
crystallinity, olivine-hosted melt inclusions and olivine diffusion modelling; multi-stage 
crystallisation processes (lower and upper crust) were recognized and relatively long magma 
residence times (in cases >1,000 days) in the upper crust suggested the presence of a shallow 
reservoir. 
Unlike stratovolcanic settings, where complex mineral zonation and disequilibrium features 
are commonly recognized, the products of most SECs exhibit textural equilibrium features, 
and individual mineral grains possess very thin zonation at the crystal rims, if zonation is 
present at all (e.g., Cayutué-La Viguería group, López-Escobar et al., 1995a, b; Auckland 
Volcanic Field, Cook et al., 2005; Carrán-Los Venados volcanic field, Bucchi et al., 2015). 
Such differences between stratovolcanoes and SECs can be attributed to the action of 
numerous processes in stratovolcanoes, such as magma recharge, heating, mixing or the 
ascent of plumes within extended, long-lived magmatic reservoirs (e.g., Gutiérrez et al., 
2005; Ginibre and Wörner, 2007; Ruprecht and Bachmann, 2010; Lohmar et al., 2012; 
Bouvet de Maisonneuve et al., 2012). 
Magma ascent processes have been studied using different techniques and approaches such 
as: U-Th-Ra isotopic disequilibrium in magma (Condomines et al., 1988); seismicity during 
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eruptive periods (Scandone and Malone, 1985; Lees and Crosson, 1989; Endo et al., 1996); 
the presence of dense xenoliths carried to the surface by magma (e.g. Spera, 1984; Sparks et 
al., 2006); and reaction rim growth on amphibole phenocrysts (Rutherford and Hill, 1993). 
Another method used to constrain the timescales of the pre-eruptive processes is modelling 
element diffusion within and between crystals (e.g. Zellmer et al., 1999; Costa et al., 2003; 
2008; 2013; Morgan et al., 2004; Costa and Dungan, 2005; Chamberlain et al., 2014; Shea et 
al., 2015; Hartley et al., 2016). Diffusional methods combined with calculations of magmatic 
intensive conditions (thermobarometry) allow the determination of a range of timescales from 
short-lived (e.g., minutes: Charlier et al., 2010; days: Costa and Dungan, 2005; Martin et al., 
2008; Kahl et al., 2011) to long-lived (e.g. centuries: Morgan and Blake, 2006; Morgan et al., 
2006) pre-eruptive processes, dependent on the mineral-element pair being studied. This 
study focuses on olivine residence times and magma ascent determined via Mg-Fe 
interdiffusion modelling of compositional profiles within olivine crystals from the Caburgua 
cones, a sub-division of the Caburgua-Huelemolle Small Eruptive Centres (CHSEC) in the 
Andean Southern Volcanic Zone (Fig.1). The sample material comprises crystals extracted 
from a volcanic bomb (details in sections 2 and 3); this ensures that samples will have been 
subjected to rapid quenching, removing the necessity to consider significant post-eruptive 
surface cooling, and ensuring that preserved profiles reflect partial re-equilibration at 
magmatic temperatures. Mg-Fe interdiffusion in olivine in magmatic systems typically yields 
timescales of days to few years (e.g., Hartley et al., 2016; Rae et al., 2016; Kahl et al., 2015; 
2017), important for assessing magma ascent rates and the staging of magma prior to eruption 
due to high Mg-Fe diffusivity in comparison with other magmatic mineral phases (e.g., 
Müller et al., 2013). In some cases, calculated timescales (days to years) can be correlated 
with volcanic monitoring data (e.g., Kahl et al., 2011; 2013). 
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A regional example of a residence times and magma ascent rate study was the work of Lara 
et al. (2006) on the Carrán-Los Venados SECs and the adjacent Cordón Caulle-Puyehue 
stratovolcano complex. Cr-Rb data and fractional crystallisation modelling were used to show 
that the Carrán-Los Venados SECs are less-contaminated than magmas of the adjacent 
Cordón Caulle-Puyehue complex, inferring  shorter crustal residence times at the SECs. 
Magma ascent at Cordón Caulle-Puyehue complex, by contrast, is suggested to have been 
rapid, from the result of uranium-series isotopes (Jicha et al., 2007). Parallel uranium-series 
work on magmas of the CHSEC by McGee et al. (2017) has suggested both fast melting and 
ascent of magmas after fluid addition to the mantle region beneath. 
An investigation of thermobarometry (olivine-augite phenocryst pairs), combined with 
thermodynamic modelling (MELTS), allows the determination of magmatic conditions (P, T, 
X) for the formation of mineral zoning. Combined with study of subsequent diffusion 
processes, this can place a time constraint on crystal growth. This study aims to reveal the 
existence of any day- to month-scale pre-eruptive events, and therefore the possible existence 
of transient upper-FUXVWDO UHVHUYRLUV EHQHDWK WKH &DEXUJXD FRQHV  %\ ³WUDQVLHQW´ LQ WKLV
FRQWH[WZHFRQVLGHU³WUDQVLHQWUHVHUYRLUV´WREHWKRVHUHVHUYRLUVZKHUHPDJPDFDQEHVWRUHG
for periods ranging up to decadal timescales, in effect where magma injections into cool crust 
are too infrequent to sustain an effectively permanent magma body, but may be sufficient to 
support a series of eruptions over tens of years before the system freezes. More specifically, 
this study represents the first petrological estimation of magma ascent rates for a South 
American SEC system. The techniques used here could be successfully applied in other 
situations where short upper crustal residence occurs, in order to determine pressures and 
temperatures of storage and possible durations. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
2. Geology, mineralogy and pre- and syn- eruptive 
conditions of the Caburgua cones 
The Caburgua cones form the northwest extremity of the CHSEC (Fig. 1b) and are built over 
the Liquiñe-Ofqui Fault Zone (LOFZ), a major intra-arc structure (ca 1000 km long; 
Cembrano et al., 2000) that controls the distribution of numerous volcanic edifices in the 
Southern Volcanic Zone (SVZ) of the Andes (e.g., López-Escobar et al., 1995a; Lara et al., 
2006; Cembrano and Lara, 2009). The Caburgua cones are specifically built upon the Late 
Miocene Trancura granitoids (Moreno and Lara, 2008). 
The Caburgua cones and their associated lavas comprise five small (< 0.31 km3 each; 
Morgado et al., 2015) basaltic centres (Hickey-Vargas et al., 1989; López-Escobar et al., 
1995b; Moreno and Lara, 2008), with heights between 152 and 414 m.a.s.l. and volumes 
between 0.033 and 0.308 km3. The associated lava flows (49.88-50.78 SiO2 wt. %; Morgado 
et al., 2015) and bombs (51.31 SiO2 wt. %; Table 1) have basaltic compositions and volumes 
of up to 0.3 km3 each (Morgado et al., 2015). The whole-rock composition of the Caburgua 
cones is similar to all those associated with the SECs of CHSEC (Morgado et al., 2015). The 
lavas and bombs have variable phenocryst contents (7-14%) in a groundmass with <1% glass. 
Olivine phenocrysts (Fo82-84) have rims of Fo74-77, and some of them have resorption features. 
The volcanic bomb considered in this article shows olivines with the same textural features 
and crystal compositions described by Morgado et al. (2015) for all the CHSEC, in particular 
for the Caburgua cones. This, and the small size of the eruptive deposit suggest the CAB2-2 
bomb is a representative sample compared to nearby lavas. Other phenocryst mineral phases 
are plagioclase (1-5 vol. %), augites (<1 vol. %), and Cr-spinels (mainly as inclusions in 
olivines, <1 vol. %). 
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Olivine and augite phenocrysts and microlites of Caburgua lavas have been analysed to 
determine their crystallisDWLRQ FRQGLWLRQV XVLQJ /RXFNV¶V (1996) thermometer and Kohler 
and Brey´s (1990) barometer (Morgado et al., 2015). Morgado et al. (2015) found that the 
phenocryst pairs give maximum equilibrium temperatures of ~1,170 °C and pressures 
between 10.8 and 11.4 ± 1.7 kbar for phenocrysts (deep reservoir). The values of the 
calculated pressure range are similar to the ~10 kbar (~38 km) inferred for the mantle-crust 
boundary beneath the arc at these latitudes (e.g., Folguera et al., 2007; Haberland et al., 2009; 
Dzierma et al., 2012a; 2012b). Thus, Morgado et al. (2015) concluded that a magma reservoir 
is present at the base of the crust. The same authors also found that syn-eruptive olivine-
augite microlite pairs give temperatures between 1,081 and 1,130 ºC. Parallel modelling with 
MELTS software (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) yielded slightly 
higher syn-eruption temperatures of 1,130 to 1,137 ºC, using the whole-rock composition of a 
low crystallinity   sample and attempting to reproduce the observed olivine and 
plagioclase microlite compositions (for details see Morgado et al., 2015). No minerals 
attributable to the magma ascent or an intermediate reservoir were identified, with the 
exception of thin rims formed on olivine (Fo74-77) and plagioclase (An45-65) phenocrysts. 
3. Analytical Procedure 
Compositional profiles (spacing ׽4±(?P were measured in 8 olivine crystals (See 
Supplementary Material) of a bomb from Caburgua (CAB2-2) using an electron microprobe 
at Leeds Electron Microscopy and Spectroscopy Centre, University of Leeds (JEOL 
JXA8230). The analytical conditions consisted of an accelerating potential of 20 keV and 
electron beam current of 40 nA for major elements (Si, Fe, Mg) and 100 nA for minor and 
trace elements (Al, Ca, Ni, Mn, Ti) with a focused beam. Counting times for major elements 
were 20 seconds (10 s on peak and 10 s on background) and 60 seconds for minor and trace 
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elements (30 s on peak and 30 s on background). Higher-resolution Mg-Fe diffusion profiles 
were obtained through back-scattered electron compositional contrast images, using a 
Scanning Electron Microscope (SEM) at University of Chile (FEI Quanta 250), quantified 
with ImageJ® software and calibrated with the electron microprobe analyses (e.g. Morgan et 
al., 2006; Martin et al., 2008; Hartley et al., 2016). Crystallographic orientations were 
determined (olivine diffusivity depends on crystallographic orientation) in all olivine crystals 
using electron back-scatter diffraction (EBSD; Prior et al. 1999) on an FEI Quanta 650 
FEGSEM equipped with a Nordlys EBSD camera at the School of Earth and Environment, 
University of Leeds. 
4. Diffusion modelling approach 
Diffusion can be GHVFULEHGDQGPRGHOOHGXVLQJ)LFN¶VVHFRQGODZ (compositional-dependent 
form of the diffusion equation):  
 ? ?ሺ ?ǡ  ?ሻ ? ?ൌ   ? ? ?ቆ ? ? ?ሺ ?ǡ  ?ሻ ? ?ቇ Ǥ  ? 
where C is composition, t is time, and D is the diffusion coefficient that is described by an 
Arrhenian relation (Dohmen and Chakraborty, 2007a, b) and depends on crystallographic 
orientation, temperature, pressure, composition and oxygen fugacity.  
Mg-Fe (inter)diffusion in olivine along the [001] direction is calculated by Eq. 2 (Dohmen 
and Chakraborty, 2007a, b) for fO2 > 10-10 Pa, and this Mg-Fe diffusivity is about six times 
faster along either the [100] or [010] directions (Dohmen and Chakraborty, 2007b). 
୭୪୧୴୧୬ୣ୊ୣି୑୥ ൌ  ? ?ିଽǤଶଵ ൉  ሺ  ?ைమ ? ?ି଻ሻଵ ଺ൗ ൉  ? ?ଷ൉ሺଡ଼ూ౛ି଴Ǥଵሻ ቆെ  ? ? ?ǡ ? ? ? ൅ሺ െ  ? ?ହሻ ൉  ? ൉ ? ?ି଺ ቇ Ǥ  ? 
Eq. 2 (Dohmen and Chakraborty, 2007a; b) describes ?௢௟௜௩௜௡௘ி௘ିெ௚, the Mg-Fe (inter)diffusion rate 
in olivine along the [001] direction ( ?ଶ ?ିଵሻ, where  ?ி௘ is the mole fraction of fayalite 
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component, P is pressure (Pa),  ?ைమ is oxygen fugacity (Pa), T is temperature (K) and R is the 
universal gas constant 8.314 J  ? ? ?ିଵ ?ିଵ. We can model the diffusion coefficient for any 
crystallographic orientation using PhilibHUW¶VSURSRVLWLRQ  ?௧௥௔௩ி௘ିெ௚ ൌ ?ሾଵ଴଴ሿி௘ିெ௚ሺ 㼇? ?ሺ ሻሻଶ ൅ ?ሾ଴ଵ଴ሿி௘ିெ௚ሺ 㼇? ?ሺ ሻሻଶ ൅ ?ሾ଴଴ଵሿி௘ିெ௚ሺ 㼇? ?ሺ ሻሻଶǤ  ? 
ZKHUHĮ ? and  ? are angles between the compositional traverse and the a-, b- and c- axes of 
the olivine, respectively, where  ?௔௜  denotes the diffusivity of element i parallel to the axis 
direction a. 
Homogenous initial profiles were considered for Mg-Fe interdiffusion modelling because this 
has been suggested as a good assumption for olivine (e.g., osta and Chakraborty, 2004; 
Costa et al., 2008). The results of this modelling are similar to those obtained considering a 
break in the initial composition < 10 µm from the crystal boundary, as the profiles are 
asymmetric and are consistent with a dominance of exchange between crystal and melt, rather 
WKDQDQLQWHUQDOO\LVRODWHG³VWUDQGHG´SURILOH,QWKLVVHQVHWKHUHLVOLWWOHWLPHVFDOHYDULDWLRQ
between cases considering a thin (< 10 µm) or absent boundary zone (e.g., figure 3). 
5. Thermodynamic modelling and thermobarometry 
The thermodynamic modelling with MELTS software (Ghiorso and Sack, 1995; Asimow and 
Ghiorso, 1998) was used to explore the equilibrium crystallisation conditions of the olivine 
rims (Fo74-77). The whole-rock composition of the studied phenocryst-poor (<10%) bomb 
(CAB2-2, see Table 1) was considered representative of the initial melt composition. The 
oxygen fugacity was fixed to that equal to the Ni-NiO (NNO) buffer reaction, which is the 
same oxygen fugacity conditions as the 1971 eruption of the nearby Villarrica stratovolcano 
(Morgado et al., 2015). Dissolved water contents were modelled from 0 to 1 wt. %, above 
which the crystallisation of olivine in the range of interest (Fo74-77) could not be reproduced 
by MELTS. 
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Each isobaric cooling model was run with a temperature decreasing in 0.5 ºC steps. Each 
cooling model was run at successive pressures of 0.5 kbar, to match the pressure conditions. 
This procedure was followed for different values of dissolved water contents (0, 0.25, 0.5, 
0.75, and 1 wt. %), which influence the composition of the modeled olivines in MELTS, and 
is necessary to generate the observed olivine compositions noted above. The considered 
pressure range was from 10 kbar (equivalent to ~ 38km depth, pressure of the deep reservoir 
at the base of the crust) to 1bar (atmospheric pressure), whereas the temperatures considered 
for modelling were bracketed between 1,170 ºC (temperature of the deep reservoir) and 1,130 
ºC (syn-eruptive temperature). By using a variety of P, T conditions alongside varying water 
content, the whole spectrum of the stability field is covered. Determining the intensive 
conditions over which the observed composition of olivine rims (Fo74-77) are stable defines 
the stability field of the rims, corresponding WRSUHVVXUHVNEDUand temperatures that can 
span the modelled range, dependent on ambient pressure (Fig. 2, grey field). 
6. Magmatic timescales calculation 
6.1. Considerations of Mg-Fe interdiffusion modelling in olivine 
All the olivine crystals used for diffusion modelling are derived from sample CAB2-2, taken 
from a poor-crystal (< 10%) volcanic bomb. Selection of crystals for timescales calculation 
was carried out following the criteria described in Costa et al. (2008) and Shea et al. (2015) 
(i.e., the biggest crystals, profiles away from the corners, clear concentration plateaus, etc). 
2D modelling (i.e. at least two 1D traverse measurements in one crystal plane; Costa et al., 
2003) was used for verifying the obtained timescales (see Fig. 3) from individual olivine 
crystals (Shea et al., 2015), as well as to ensure that the gradients are related to diffusion and 
not associated with crystal growth (Costa et al., 2008). 
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Previous studies (e.g., Costa et al., 2008; Costa and Morgan, 2010) have demonstrated that 
the primary factors affecting the uncertainties associated with timescale determinations using 
zoning profiles are: (i) the inherent difficulties in obtaining precise measurements of 
diffusivity; (ii) uncertainties associated with temperature variations (diffusivity varies 
exponentially with temperature due to the  ?ష ?ಹೃ೅  term), and (iii) the initial and boundary 
conditions. Particular emphasis should be paid to the determination of the thermodynamic 
conditions under which the zonation formed, as this is one of the most important problems 
concerning the estimation of residence times (Rutherford, 2008). 
Regarding the diffusivity uncertainties, these are related to uncertainties in the activation 
energy (-ǻ+ in kJ/mol), as determined by Dohmen and Chakraborty (2007a; 2007b). 
Minimum and maximum values of activation energy were used to calculate bracketing 
diffusivities for different possible temperatures. Temperatures are considered between two 
end-members, the hottest temperature was equivalent to that determined for the deep 
reservoir (~1,170ºC) and the coolest temperature considered was equivalent to the inferred 
syn-eruptive temperature (1,130ºC). The calculations were performed in each profile 
considering both temperatures giving a range of timescales (Table 2). The initial profile and 
boundary conditions uncertainties are explained in Section 4. 
6.2. Magmatic residence times in the upper crust 
For the sample CAB2-2 in the temperature range of 1,130 ± 1,170ºC (syn- and pre-eruptive 
temperatures, respectively), pressure oI kbar (see above) was obtained by MELTS for 
the growth of olivine rims. A pressure of 1.3 kbar was chosen as an intermediate value in the 
shallow crust, because pressure has only a minor effect on timescales. Oxygen fugacity buffer 
was assumed equal to that of the NNO buffer (see section 5). The results of modelling 
indicate significant differences in the times of olivine rim formation at sample scale. Figure 4 
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and Table 2 show the range in the calculated timescales, where the shortest timescale of 4.9 
days was obtained for a temperature of 1,170ºC (the maximum calculated melt temperature, 
consistent with MELTS modelling only if the water dissolved in melt is 0 wt.%). By contrast, 
the maximum residence time for an olivine rim was calculated as 471 days (Fig. 4, Table 2), 
obtained using a melt temperature of 1,130ºC (syn-eruptive temperatures, consistent with 
MELTS modelling where water dissolved in the melt was 0.25-0.5 wt %). According to 
McGee et al. (2017) the samples from the Caburgua cones show little evidence of crustal 
assimilation, this is consistent with short residence timescales in the upper crust. 
7. Discussion 
7.1 Concerning transient shallow reservoir and magma ascent 
The origin of the zoning patterns is suggested to be variations in intensive conditions at the 
upper crust rather than magma mixing, because the composition of all cones of CHSEC have 
a very homogeneous basaltic composition (Morgado et al., 2015) and the absence of enclaves 
in the studied rocks. If magma mixing took place, the compositions could not have been 
modified by the replenished magma. The short magma residence times in the upper crust and 
the low Mg-Fe diffusivity of augite, (Müller et al., 2013), could explain why olivine-augite 
phenocryst pairs formed in the lower crust deep reservoir (see Section 2) were not re-
equilibrated in the shallower reservoir. For the clinopyroxenes of the sample CAB2-2, the 
Mg-Fe interdiffusivities calculated within the same temperature interval as used for olivine is 
2 to 3 orders of magnitude lower than in olivine, equivalent to diffusive lengths in pyroxene 
of less than 1 µm. This is consistent with the apparent lack of zonation in these crystals. 
Despite the Caburgua cones belonging to a short-lived volcanic system supplied by dyke 
transport of magmas from a deeper source (in the lower crust, see Section 2), the calculated 
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timescales of olivine rim formation would only represent magma ascent time to the surface 
from a maximum depth of 6.5 km (equivalent to a pressure of 2.6 kbar) obtained at 1,170 °C 
for olivine rim formation (according to modelling in MELTS, see Fig. 2). Because the olivine 
rim formation represents a combination of residence and transport (since the olivine 
overgrowth), we may utilise the shortest timescale (4.9 days) as a proxy to constrain the 
maximum average ascent speed (considering the calculated times representing only ascent) 
from that depth, resulting in 1,327 m/day or ~0.015 m/s. 
To determine whether the shortest duration of olivine rim residence (4.9 days) corresponds to 
the fastest magma ascent speed, it is necessary to assess if that speed would be sufficient to 
avoid freezing during the magma ascent through the upper crust. For that purpose, relevant 
properties and parameters of the ascending magma dyke and surrounding rock conditions are 
necessary to assess if magma could reach the surface before freezing including: melt 
composition, melt relative and apparent viscosity, physical and thermal properties of the 
crust, critical rate of magma supply, critical magma ascent speed, P-T conditions of the 
magma, and the dimension of the magma conduit. To calculate the minimum ascent rate 
necessary to avoid freezing and to compare this with the ascent rates calculated by diffusion 
timescales, 10,000 simulations were analysed using the method of Menand et al. (2015) (see 
the MATLAB® script in Supplementary material for details; the equation was fixed 
according to Menand, personal communication): 
 ?௖ ൌ  ? ?ቆ ?௣ሺ ?௙ െ  ?௜௡௙ ?ሺ ?଴ െ  ?௙ሻ ቇଽ ସൗ ቆ ? ? ? ?ଷ ?ଷɊ ቇଵ ସൗ ൬  ?௖ ? ? ?൰ଶ ଷൗ  ? ?Ǥ   
where  ?௖ is the minimum magma supply rate that a dyke needs to propagate over a height H 
(in this case, 6.5 km) without freezing, L is latent heat of magma,  ?௣ is its specific heat 
capacity,  ?଴,  ?௙, and  ?௜௡௙ are initial magma temperature (1,170 ºC), freezing temperature 
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(following the definitions and values given by Menand et al., 2015, the behaviour of magma 
is solid-like; in the range of ~900 to 1,100 ºC), and crustal far-field temperature (temperature 
of the crust horizontally distal from the source of heating; 30-450 ºC) respectively, k is the 
country-rock thermal diffusivity,  ? ?is the density difference between country rock and 
magma, g is gravitational acceleration (9.8 m/s), and µ is magma dynamic viscosity. Values 
of L, ?௣ǡ k, and  ? ?were taken from Menand et al. (2015) and references therein (details of 
calculation in Supplementary Material). 
The minimum magma supply rate (Qc) of ~0.06 km3/yr for avoiding freezing that was 
obtained from the aggregate results of 10,000 simulations is higher than the rate associated 
with magma transfer where olivine rim (shortest) timescales represent only ascent (~0.038 
km3/yr; Fig. 4, Table 2; for all the values and details constraining Qc, see Supplementary 
Material). Therefore the olivine rims must represent the sum of both the residence time in a 
reservoir and the ascent time. This is even more evident if residence times given by other 
olivine crystals are considered, because for explaining the timescales of all measured olivine 
crystals a Qc lower than ~0.0015 km3/yr is necessary (Fig.4, Table 2; see crystal CAB2-2 
20). 
The magma ascent speeds related to each olivine crystal can be calculated considering the 
distance travelled by the magma during the ascent (6.5 km) and the obtained timescales (in 
days); then the magma supply rate associated to each crystal (for comparison with Qc value) 
was calculated considering ascent speed in a cylindrical conduit with a radius of 5 m as a 
representation of a dyke, following the example of Valentine and Krogh (2006). Although 
studies of analogue modelling (e.g. Takada, 1990; Rivalta et al., 2005) suggest that magma 
conduits might be different from a cylinder, cylindrical models are quite prevalent in the 
literature (e.g., Melnik and Sparks, 1999; 2005; Costa et al., 2007; Vedeneeva, 2007; 
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Gonnermann and Manga, 2012). Such models are also supported by the field evidence of 
Valentine and Krogh (2006), who studied multiple centres in the Pauite Ridge volcanic field. 
The conditions necessary to avoid freezing during ascent can then be further investigated by 
considering the equivalent magma ascent speed ~0.015 m/s (related to 4.9 days magmatic 
ascent; Table 2, Fig. 4b). Thus, data of the minimum magma ascent speed for explosive 
eruptions at stratovolcanoes (0.2 m/s; from Rutherford, 2008 and references therein) was used 
for comparison with Caburgua (Fig. 4b). The value given by Rutherford (2008) is higher than 
the maximum ascent speed calculated using in olivine rims if those timescales only 
represented ascent, supporting the hypothesis that olivine rims must represent the sum of both 
the residence time in a reservoir and the ascent time.  
Transient reservoirs have also been recognized in other volcanic systems. For example, based 
on time-dependent seismic tomography (yearly-time windows) in the Klyuchevskoy volcanic 
group, Koulakov et al. (2013) found short-lived channels and transient reservoirs feeding 
eruptions. The same authors suggested that stress release would cause the closure of the 
cracks after the eruption and that neither melts nor fluids would be found in the place where 
the reservoir (or reservoirs) used to be. Shapiro et al. (2017) have also recognized shallow 
magma reservoirs in the Klyuchevskoy volcanic group through seismic signals. 
7.2. Geological controls on magma residence 
The obtained short residence times in the upper crust suggest that Caburgua magma storage 
and differentiation occurred mainly in the lower crust, probably in a very deep reservoir (32-
44 km; Morgado et al., 2015). Several models for arc magma storage have been proposed 
which are compatible with this inference, such as MASH zones (Melting Assimilation 
Storage and Homogenization; Hildreth and Moorbath, 1988) and deep crustal hot zones 
(Annen et al., 2005). Such systems have also been invoked previously to explain the 
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evolution of magmas associated with small eruptive centres elsewhere in Southern Volcanic 
Zone (e.g., Bucchi et al., 2015). 
Although volcanism is most commonly linked to extensional settings (i.e. magma ascent; Cas 
and Wright, 1987; Watanabe et al., 1999; Acocella and Korme, 2002), compressive regimes 
cannot be precluded (Galland et al., 2007; Tibaldi, 2005, 2008). In different systems if 
magma moves from a medium of low rigidity to one of higher rigidity during its ascent, the 
rigidity contrast causes magma ascent to decelerate and possibly arrest dyke propagation 
(Rivalta et al., 2005). Thus, the presence of granitoids (high-rigidity) below the Caburgua 
cones is plausibly consistent with the hiatuses in magma ascent and the existence of transient 
reservoirs. Localised extensional settings can be found in transpressive regimes, particularly 
in the Liquiñe-Ofqui Fault Zone (LOFZ), and they have been associated with volcanic fields 
displaying short crustal magma residence times over the LOFZ (Cembrano and Lara, 2009) 
and rapid magma ascent.  
7.3. Intervals between eruptions of a monogenetic volcanic field 
According to Marsh (1989), in continental magma systems geophysical data indicate that 
inferred magma chambers have similar sizes to the volume of the erupted material. Further 
study by White et al., (2006) suggested that the intruded volume may be considered as ~5 
times that of the extruded component. To perform an order-of-magnitude estimation of the 
inter-eruption timescale, we can combine the proposals of Marsh (1989) and White et al. 
(2006) with the given extruded magma volume in Caburgua of 0.13 km3 (Morgado et al., 
2015) to give a probable intruded volume of ~0.13-0.65 km3.  This can then be considered 
with the minimum magma input rate  ?௠௜௡ǡ of ~0.005  ? ?ଷ/yr for a viable magma body of a 
similar size of a few km3 in volume from the calculations of Gelman et al., (2013), via the 
relation: 
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 ? ൌ  ?௜௡௧ ?௠௜௡  ? ?Ǥ   
where t is time (years), and  ?௜௡௧ is the annual intruded volume (km3). 
The calculated period would indicate the interval between eruptions of the Caburgua field as 
a whole, if the magmas passed through a common transient shallow-crustal reservoir 
assuming only one pause in ascent, within the upper crust. If this magma input rate were valid 
for Caburgua, then the period between eruptions should be on the order of decades 
(depending on the ratio of intruded/extruded magma, see Supplementary Material). 
Our model for the Caburgua system would consist of a background supply of magma to a 
deeper magma reservoir at the base of the crust (32-44 km), which is sufficient to 
occasionally support a transient magma shallow chamber at depths less than 6.5 km. 
Continued magma transfer from the deep reservoir could sustain the shallow reservoir and 
enable a series of eruptions at decadal frequencies, before the transient chamber inevitably 
freezes and the system returns to quiescence. This pattern of infrequent bursts of activity 
across fields of small eruptive centres is compatible with patterns seen in historical activity 
such as at the volcanic fields of Carrán-Los Venados (SVZ, Chile). Here, three associated 
centres: Riñinahue maar, Carrán maar and Mirador cone, all located within 2 km of each 
other, erupted in 1907, 1955 and 1979, respectively (Moreno, 1980), following a ~150-year 
hiatus in activity (Pocura maar; Bucchi et al., 2015). 
8. Conclusions 
The Caburgua cones are examples of small eruptive centres built over the intra-arc 
transpressive /LTXLxH-Ofqui Fault Zone developed along the Andean Southern Volcanic 
Zone. They erupted material evidence from two reservoirs of different depths in the crust 
(Fig. 5). A deep reservoir, is located at the mantle-crust boundary (Morgado et al., 2015), and 
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a shallow-crustal WUDQVLHQW UHVHUYRLU DW DGHSWK HTXLYDOHQW WR3NEDU )LJ )LJ
0DJPD UHVLGHQFH WLPHV LQ WKH VKDOORZ UHVHUYRLU RI  471 days were obtained via Mg-Fe 
diffusional relaxation times of the rim zones of olivine phenocrysts, extracted from a volcanic 
bomb. Modelling the magma system indicates that magma residence is strongly influenced by 
the magma input rate necessary to prevent magma freezing, and it is much shorter than the 
decadal timescale of magma residence predicted for crystals in the shallow reservoir of the 
nearby Villarrica stratovolcano by the calculations of Lohmar et al. (2012). 
This study establishes via crystal-chemical and kinetic timescale studies in olivine the 
presence of a transient crustal magma body at the Caburgua cones before the eruption. The 
magma volumetric supply rate and ascent speeds (related to one eruption) FDOFXODWHGWREH
0.06 km3/yr and (the equivalent) 025 m/s respectively. 
The presence of a short-lived transient reservoir could explain why magmas of small eruptive 
centres are evacuated in bursts of activity over decadal timescales by numerous, neighbouring 
vents in contrast with the single-vent evacuation of stratovolcanoes, which would have 
efficiently permanent, larger-volume reservoirs because of higher magma input rates.  
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Figure 1. a) Location of Caburgua-Huelemolle Small Eruptive Centres (CHSEC) with respect 
to Chile. b) Geodynamic context of the Caburgua cones. They are located over the LOFZ: 
Liquiñe-Ofqui Fault Zone (black dashed line; Cembrano et al., 1996) a few km NE from 
Villarrica stratovolcano (white dashed line represents NW alignment of stratovolcanoes). c) 
Local-scale distribution of the Caburgua cones and neighbouring small eruptive centres, 
black lines represent the alignments coinciding with the regional structures in figure 1b (NS 
and NE described by Cembrano and Lara, 2009). 
Figure 2. Calculated stability field of olivine rims (Fo74-77) obtained by MELTS (equilibrium 
crystallisation) from the composition of the sample CAB2-2 (see Table 1) considering a 
maximum range of temperatures between 1,170 and 1,130 °C at NNO buffer conditions, and 
0 to 1 wt. % of water dissolved. 
Figure 3. Example of olivine phenocryst micro-analytical profiles plus associated timescales. 
a) Backscatter electron (BSE) image of an olivine phenocryst of a bomb erupted from the 
Caburgua cones (sample CAB2-2), and location of the micro-analytical profiles (traverses 1 
and 2) shown in b) and c). b) Forsterite content (Fo = 100*Mg/(Mg+Fe), in mol) measured by 
electron microprobe corresponding to traverse 1 (trav 1). Circumferences: measured forsterite 
content; continuous line: best fit diffusion model (highest coefficient of determination, r2); 
dashed line: initial forsterite profile. Numbers in days indicate diffusive timescales obtained 
from best fit model solutions for 1,170 and 1,130ºC. c) Forsterite content calculated from 
BSE grayscale calibrated profile corresponding to traverse 2 (trav 2). Semi-transparent line: 
BSE forsterite profile; solid dark line: best fit diffusion model (highest coefficient of 
determination, r2); dashed line: initial forsterite profile. Numbers in days indicate diffusive 
timescales obtained from best fit model solutions for 1,170 and 1,130ºC. d) Plot representing 
the coefficient of determination (r2) between BSE profile and the forsterite content measured 
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in traverse 1. e) Crystallographic orientation (axis a, b, and c) and traverse directions 
projected onto the stereographic lower hemisphere. 
Figure 4. Plots of modelled timescales from Mg-Fe diffusion in 8 olivine crystals. Each 
horizontal black line represents one calculated crystal timescale (related to a rate of magma 
VXSSO\LQ³D´DQGDVFHQWVSHHGLQ³E´. Vertical dashed grey line represents the minimum 
DVFHQWUDWHVSHHGIRUDYRLGLQJIUHH]LQJDFFRUGLQJWR0HQDQG¶VHWDOFRQVLGHULQJDP
radius dyke from 6.5 km depth (see Table 2). Vertical continuous line represents the 
minimum explosive ascent speed in stratovolcanoes according to Rutherford (2008) and 
references therein. 
Figure 5. Schematic representation of the depths of the reservoirs associated to the Caburgua 
cones (not to scale). The studied volcanic complex would have at least one deep reservoir in 
tKH ORZHU FUXVW DQG D WUDQVLHQW VKDOORZ UHVHUYRLU LQ WKH XSSHU FUXVW   km), where the 
PDJPDWLF UHVLGHQFH WLPH LV VKRUW  471 days). In the shallow reservoir, the changes of 
intensive conditions (mainly changes of pressure and likely changes in temperature) can 
explain the zonation patterns. Then other processes (e.g., magma mixing) are not necessaries. 
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Table 1. Whole-rock composition of the sample CAB2-2. 
Oxide   wt. % 
SiO2   51.31 
TiO2   1.13 
Al2O3   17.45 
FeOtot*   9.7 
MnO   0.156 
MgO   7.45 
NiO*   0.01 
CoO*   0.004 
CaO   8.84 
Na2O   3.33 
K2O   0.75 
P2O5   0.33 
total   100.46 
All this data were published in Morgado et al. (2015), 
except where * indicates. 
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Table 2. Timescales calculated in olivine crystals in two dimensions (two independent profiles: profile 1 based on EPMA data, profile 2 based on BSE images) to give reliability. The 
rates of magma supply (rates of magma transfer) and magma ascent speed associated with those calculated timescales are also presented. 
Crystal 
Temperature 
(ºC) Profile 
Time 
(days) Rate of magma supply (km3/yr) 
Ascent speed 
(m/s) Profile 
Time 
(days) Rate of magma supply (km3/yr) 
Ascent speed 
(m/s) 
CAB22-2 1170 1 40.4 0.00461 0.0019 2 42.1 0.00443 0.0018 
  1130 1 304.2 0.00061 0.0002 2 315.2 0.00059 0.0002 
CAB22-4 1170 1 9.3 0.02004 0.0081 2 8.6 0.02167 0.0087 
  1130 1 69.3 0.00269 0.0011 2 64.6 0.00288 0.0012 
CAB22-7 1170 1 26.9 0.00693 0.0028 2 18.6 0.01002 0.0040 
  1130 1 202.3 0.00092 0.0004 2 140.6 0.00133 0.0005 
CAB22-20 1170 1 69.5 0.00268 0.0011 2 51.1 0.00365 0.0015 
  1130 1 471.2 0.0004 0.0002 2 385 0.00048 0.0002 
CAB22-21 1170 1 5.9 0.03158 0.0128 2 4.9 0.03803 0.0154 
  1130 1 44 0.00423 0.0017 2 36.1 0.00516 0.0021 
CAB22-23 1170 1 47.9 0.00389 0.0016 2 55.5 0.00336 0.0014 
  1130 1 361.3 0.00052 0.0002 2 418.8 0.00044 0.0002 
CAB22-25 1170 1 17.8 0.01047 0.0042 2 17 0.01096 0.0044 
  1130 1 133.7 0.00139 0.0006 2 127.6 0.00146 0.0006 
CAB22-26 1170 1 14.5 0.01285 0.0052 2 6 0.03106 0.0125 
      1130 1 55.9 0.00333 0.0013 2 39.1 0.00477 0.0019 
* The rate of magma supply was calculated considering a cylindrical conduit of 5 m radius (for an example in nature, see Valentine and Krogh, 2006) 
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Highlights: 
x Magmatic timescales were calculated from Mg-Fe interdiffusion in olivine. 
x The existence is a transient reservoir is deduced from numerical modelling. 
x Both minimum ascent speed (~0.02 m/s) and minimum transfer rate (~0.06 km3/yr) of 
magma were calculated.  
x The longest durations of magma residence seen in the olivine rim zones are up to 229 
days. 
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